The spectral shape and observed sonoluminescence emission from Xe bubbles in concentrated sulfuric acid is consistent only with blackbody emission from a spherical surface that fills the bubble. The interior of the observed 7000 K blackbody must be at least 4 times hotter than the emitting surface in order that the equilibrium light-matter interaction length be smaller than the radius. Bright emission is correlated with long emission times ( 10 ns), sharp thresholds, unstable translational motion, and implosions that are sufficiently weak that contributions from the van der Waals hard core are small. DOI: 10.1103/PhysRevLett.95.254301 PACS numbers: 78.60.Mq Sonoluminescence (SL) is an excellent example of an energy focusing phenomenon. The interaction between a diffuse sound wave and a small isolated bubble concentrates vibrational energy by 12 orders of magnitude to create flashes of UV light [1] . In water, the spectrum of single bubble sonoluminescence matches, within experimental error, blackbody radiation with surface temperatures in the range 6000-20 000 K [2] for sound frequencies between 10 and 50 kHz. At 1 MHz the spectrum matches thermal bremsstrahlung from a 10 6 K plasma [3] . As SL originates from highly compressed gas inside a pulsating bubble, attempts to increase the efficiency of cavitation have considered the role of the vapor of the surrounding fluid [4] [5] [6] [7] [8] [9] . High vapor pressure and complex molecules (e.g., acetone) would in this view cushion the collapse and soak up the compressive heating [10], whereas low vapor pressure fluids with noble gas bubbles would optimize the concentration of the energy density. From this perspective sulfuric acid (with a vapor pressure less than 1% that of water) is an excellent candidate for substantially improving the efficiency of SL [11, 12] . At 30 kHz, the sulfuric acid system also permits single bubble sonoluminescence [11] comprised of flashes that can be 2700 times brighter [12] than the standard room temperature argon bubble in water. In the water hammer realization of SL [13], use of low vapor pressure fluids, e.g., phosphoric acid yields an upscaling of standard SL flashes by 7 orders of magnitude to yield 10 12 photons=flash [14] . We report here that the sulfuric acid noble gas system is unique in single bubble sonoluminescence in its extreme sensitivity to dissolved gas concentration in the fluid. Furthermore, the dramatically increased brightness is accompanied by instability in the bubble dynamics. The instability is manifested through quickly translating bubbles whose implosion parameters such as maximum radius and implosion velocity vary from one sound cycle to the next. Only on those cycles where the collapse velocity exceeds a sharp threshold is light emitted. Although these experiments were motivated by arguments suggesting that low vapor pressure upscales SL, conclusions relating to the role of vapor pressure are complicated by our observation that for fluid-gas mixtures which minimize the jittery translational motion, SL in water and SL in sulfuric acid are very similar phenomena with the same light emission.
Sonoluminescence (SL) is an excellent example of an energy focusing phenomenon. The interaction between a diffuse sound wave and a small isolated bubble concentrates vibrational energy by 12 orders of magnitude to create flashes of UV light [1] . In water, the spectrum of single bubble sonoluminescence matches, within experimental error, blackbody radiation with surface temperatures in the range 6000-20 000 K [2] for sound frequencies between 10 and 50 kHz. At 1 MHz the spectrum matches thermal bremsstrahlung from a 10 6 K plasma [3] . As SL originates from highly compressed gas inside a pulsating bubble, attempts to increase the efficiency of cavitation have considered the role of the vapor of the surrounding fluid [4] [5] [6] [7] [8] [9] . High vapor pressure and complex molecules (e.g., acetone) would in this view cushion the collapse and soak up the compressive heating [10] , whereas low vapor pressure fluids with noble gas bubbles would optimize the concentration of the energy density. From this perspective sulfuric acid (with a vapor pressure less than 1% that of water) is an excellent candidate for substantially improving the efficiency of SL [11, 12] . At 30 kHz, the sulfuric acid system also permits single bubble sonoluminescence [11] comprised of flashes that can be 2700 times brighter [12] than the standard room temperature argon bubble in water. In the water hammer realization of SL [13] , use of low vapor pressure fluids, e.g., phosphoric acid yields an upscaling of standard SL flashes by 7 orders of magnitude to yield 10 12 photons=flash [14] . We report here that the sulfuric acid noble gas system is unique in single bubble sonoluminescence in its extreme sensitivity to dissolved gas concentration in the fluid. Furthermore, the dramatically increased brightness is accompanied by instability in the bubble dynamics. The instability is manifested through quickly translating bubbles whose implosion parameters such as maximum radius and implosion velocity vary from one sound cycle to the next. Only on those cycles where the collapse velocity exceeds a sharp threshold is light emitted. Although these experiments were motivated by arguments suggesting that low vapor pressure upscales SL, conclusions relating to the role of vapor pressure are complicated by our observation that for fluid-gas mixtures which minimize the jittery translational motion, SL in water and SL in sulfuric acid are very similar phenomena with the same light emission.
Experiments are carried out in an aqueous solution that is 85% sulfuric acid (SA) by weight. Xenon is mixed into the solution under pressure heads ranging from 4 to 50 torr, transferred to the resonator under vacuum and then opened to 1 atm. A bubble was seeded at the velocity node of the standing sound wave with a 100 mJ, 3 ns pulse of light from a Nd:YAG laser. Mie light scattering was used to measure the radius R of the bubble as a function of time t: Rt [15] . The data are matched to a simulation determined from solving the Rayleigh-Plesset equation coupled to thermal conduction [16] as set forth by Prosperetti [17] which allows for continuous transition from isothermal to adiabatic heating of the bubble interior. We find that for SA bubbles with 50 torr of xenon the interior is isothermal for R > 2R 0 . We use the fits to determine the ambient radius R 0 , the collapse radius R c , the maximum radius R m , and the effective driving pressure P a of the imposed sound field (this effective P a could differ substantially from the value extrapolated from hydrophone measurements in the noncavitating fluid). Spectra were acquired by an imaging spectrometer coupled to an intensified CCD [3] via a fiber optic element. Figure 1 shows the spectrum of light from bubbles formed from a 4 torr solution of xenon in the SA. Even though the ambient vapor pressure of the SA (0.04 torr) is over 100 times less than water at 1 C, the total light emission from these systems is almost identical. Furthermore, measurements of flash width in both cases are <500 ps and instrument limited. We have been unable to take spectra of SL from SA near 0 C because of our inability to seed a single pulsating bubble.
The Rt for a single sonoluminescing bubble formed from a 4 torr solution of xenon in SA is shown in Fig. 2 . The solid line is a fit to the data and the dotted and dashed lines are best fits to the Rt for a 4 torr xenon bubble in pure water. It can be seen that there is no significant experimental difference in the dynamical motion of these bubbles. The bubble in cold water achieves a 50% larger radius than the bubble in SA. This can be accounted for by the viscosity of SA which is 14 times larger than for pure water near 0 C. For SA the viscosity is large enough to resist the expansion of the bubble during the rarefaction portion of the cycle. All of these bubbles have similar expansion ratios ''R m =R 0 ,'' which range from 7.3 (SA) to 9.3 (1 C water).
As the noble gas content of the fluid is increased the behavior of cavitation in water and SA diverge. Light emission from SA increases by about a factor of 100 ( Fig. 1 ) and the flash width increases by over a factor of 10. This effect is accompanied by an increase in the ambient bubble radius by about a factor of 3, a decrease in the expansion ratio to about 3.5, and an increase in translational motion of the bubble. Figure 3 displays two different states of bubble motion that are representative of a variety of possible dynamics. It is important to note that switching between these states is spontaneous and uncontrolled. Changes in R 0 and P a are not caused by changes in the drive applied (which is constant). The 50 torr bubble is representative of moving single bubble sonoluminescence [18] and the effective P a acting on the bubble is affected by its motion [19] which can follow arcs as large as 1 cm. The Rt curve in Fig. 3(a) indicates a bubble with an ambient radius of 15 m, which emits light every other cycle. The fit parameters remain fixed throughout the 4 plotted collapses, indicating that Rayleigh's equation mimics the observed alternating pattern in the acquired data. In Fig. 3 (b) R 0 16 m, and this bubble emits light every period, with each flash being about 10 times brighter than the alternating SL bubble state of Fig. 3(a) . Good fits can be obtained for a 10% change in P a , which require a corresponding percentage change in R 0 . The observed spectrum in Fig. 1 is an average over the entire range of motions. For larger xenon concentrations the bubbles become increasingly unstable. We were unable to trap single bubbles at or above 150 torr of Xe.
The maximum speed of collapse as calculated from the Rayleigh-Plesset fit to the data is a diagnostic of the strength of a bubble implosion. For the fit in Fig. 3 (a) the light-emitting cycles are characterized by a maximum collapse velocity greater than 120 m=s, whereas in the non-light-emitting cycles the maximum bubble velocity is less than 80 m=s. This 50% difference apparently accounts for the distinction between bright SL and no SL. The range of parameters that yield a good fit to these data extends to R 0 1 m and P a 0:1 atm. For all cases the difference in velocity for SL and no SL is at least 20%. Perhaps, this threshold for SL is a clue to the nonlinear process (e.g., an imploding shock wave) [20 -22] that concentrates energy inside the bubble and makes SL possible. In the lower panel of Fig. 3 the speed of collapse ranges between 210 and 260 m=s, which exceeds the ambient speed of sound of 170 m=s. In this case light is emitted on each cycle. For the 50 torr Xe bubble in water the ambient radius is smaller being 7:8 m and the collapse velocity is much faster being 1400 m=s. This speed approaches the sound velocity in water and is clearly well outside the range of validity of Rayleigh's equation [23] .
The calculated Bjerknes force acts on the light-emitting bubble so as to generate unstable translational motion and variations in bubble size. The smaller bubble shown in Fig. 3(a) has a net Bjerknes force directed towards the pressure antinode, while the larger bubble in Fig. 3(b) has a net Bjerknes force of the opposite sign [Ref. [15] , Eq. (22)]. According to Fig. 1 the continuum contribution to the spectrum of the 50 torr xenon in aqueous SA has a blackbody temperature of 7000 K. By combining Planck's law with the measured flash width of 10 ns one arrives at a value for the radius of the light-emitting surface: R e 3:9 m. The size of the hot spot is therefore close to the calculated minimum radius (R c 4:0 m) of the bubble's motion. Thermal bremsstrahlung from an equilibrium transparent plasma is another mechanism that generates a broadband spectrum [20, 24] . The best fit bremsstrahlung spectrum has a temperature of 17 500 K. Even at this elevated temperature, the calculated bremsstrahlung intensity [as determined from the spectral emission coefficient (Ref. [24] , Eq. 5.15) with a 3% ionization as derived from the Saha equation (Ref. [25] , Eq. 9.11.11)] is lower by a factor of 4 than the intensity calculated for a 7000 K blackbody. In addition to this lower intensity, the shape of the bremsstrahlung curve does not fit the data as well as the blackbody curve. Adjustments to the temperature cause the shape of the bremsstrahlung fit to diverge even further from the data. The maximal efficiency of blackbody radiation appears to make it a compelling candidate for continuum emission from the SA bubbles described here (N.B., in this discussion, we have considered only sources with nonzero absorption coefficients at the observed wavelengths; e.g., atomic luminescence lines are separate from this analysis).
The bright SA spectrum also provides evidence for an inner core that is hotter than the measured emission. Even at 17 500 K the mean free path for light in compressed xenon (1:85 10 21 =cc) is 250 m (Ref. [24] , Eq. 5.21), which is much bigger than R e . In order to achieve an equilibrium mean free path smaller than R e at 400 nm requires a temperature in excess of 3 eV.
Above 800 nm the bubbles in SA show deviations from a blackbody spectrum due to the appearance of emission lines, which are a property of SL when bubbles have translational motion [12,16,26 -28] . There has been success in identifying the relevant atomic and molecular transitions [12, 18] and the spectral structure reported here is similar to that observed when a water hammer is used to generate SL [14] . We note that emission lines are not apparent in the 4 torr bubble. A possible explanation [29] for this effect lies in a comparison of the energy flux densities of the 4 and 50 torr SA bubbles. Although SL from the 50 torr bubble is 100 times more energetic than the 4 torr bubble, its energy flux density is smaller. From this perspective, processes that lead to the SL spectral continuum are hotter than the processes that excite various species. The bright 50 torr Xe in aqueous SA bubbles is in equilibrium with respect to mass diffusion. An estimate [30] of the gas concentration ''C 1 '' that maintains equilibrium with a pulsating bubble is C 1 =C 0 3R 0 =R m 3 , where C 0 is the concentration of gas under an ambient pressure head of 1 atm. For the observed bubble radii, one calculates C 1 50 torr in agreement with the experimental preparation. It should be noted that according to measured parameters the 50 torr Xe-water bubbles would be in equilibrium with an 8 torr mixture. In this case, unbalanced mass diffusion leads to a pinch-off instability [31] .
The question remains: Why is it possible to achieve light emission from Xe bubbles in SA that are 1500 times brighter [12] than the room temperature bubbles in water? According to an analysis of the 4 torr Xe in SA and water bubbles of Fig. 2 , a factor of 10 could reasonably be ascribed purely to the lower vapor pressure of SA. At xenon pressures of 4 torr dissolved into the liquid, changing fluid parameters from water at room temperature to water at 1 C lowers the vapor pressure from 20 to 5 torr with a factor of 10 increase in light intensity. Changing fluid parameters from water at 1 C to SA lowers the vapor pressure by a factor of 100 but with no corresponding increase in light intensity. Of course, in experimental sonoluminescence it is very difficult to change just one parameter: the water system has a slightly larger R 0 and a much lower viscosity. Also, in changing fluids, the chemical composition inside the bubble has changed, which changes both the potential emitting species and the endothermic chemical reactions during bubble collapse.
A new and surprising effect occurs as the partial pressure of xenon is increased to 50 torr at constant vapor pressure of the SA. Although the bubble's ambient radius increases by about a factor of 3, its implosion becomes remarkably weaker; the expansion ratio drops from 7.5 to 3.5 and the calculated Rayleigh-Plesset collapse velocity goes down by a factor of 5. Furthermore, the van der Waals excluded volume of the collapsed bubble is only 25% of the total volume, so that deviations from the ideal gas equation of state are, for SL, relatively small. Yet these bubbles develop a strongly emitting surface whose radius is nearly equal to R c .
Sonoluminescence from bubbles in sulfuric acid exposes a new region of parameter space where light emission can be up to 100 times greater than is observed with cold water. This increase is correlated with the appearance of rapid translational motion of the bubble. Evidence for energy focusing nonlinear processes within the bubble is provided by the observation that the implosion velocity must exceed a sharp threshold in order for a flash to be emitted. Imposition of a restriction that the radius of the emitting hot spot is smaller than the radius of the gas bubble has been shown to imply the presence of a surface emitting blackbody which masks the, as yet, unmeasured core temperature of sonoluminescence.
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